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Introduction

The planetary observations.carried out under this grant can be divided
into three parts. The first is a continuation of infrared photometry at all
wavelengths accessible from the ground, started back in 196k when we made the
first meésuremenfs of the infrared emission of Saturn. Some of the more
significant results obtained will be briefly summarized below. The second part
ig a continuation-of high resolution infrared‘mapping of Jupiter with special
emphasis at > microns. Progress in this area will also be briefly summarized.
The third area is a special effort made to obtain extensive infrared cobservations

of Comet Kohoutek. Again we will briefly summerize these results.

1.
Ten years ago we discovered the anomalous infrared behavior of the planet

Titan. Sinée that time we have made numerous cobservations, bhoth at 10 and 20
microns. Recently, we were able to extend these observations to 3b micrdnsiﬁnd to
include several narrow band filtefs. In ordér to compliment these long waveiength
data the first good job of neér infrared photometry was carried ouf. A1l these
results were published;and now constitute a body of information which has
significantly altered our knowledge and understanding of the complex atmospheric
ﬁhenomena oceurring on this large satellite of Saturn.:

" Similar observations of the CGalilean Satellites have been made but here the
résults are not so éxciting. In addition we have used the improved sensitivity and

larger vavelength coverage to make additional observations of cther planets. These

include Mars, Jupiter, Saturn, Uranus and Neptune, Some of these resulis are not

yet published.

1 '
"Infrared Photometry of Titan" The Astrophysical Journsl Letters 190,
p143-11k5, 1974, F.J, Low and G.H. Rieke.




1T, High—Resolution Maﬁping

This project was begun severéi vears ago when the hot equatorial band
was discovered ﬁt 20 miérons. Subsequently; the complex 5 micron emission was
discovered both here and at Cal Tech., With the sssistance of Professor Colin
Keay, who waé alvisitor at this laboratory from the University of Wew South Wales,
new impfovements in the observing techniéue vere developed., First results have
aiready been published (Keay, Low, Rieke and Minton 1973). During the period
of this report we were able to make improvements in both the sensitivity and
angul&rrregolution enabling us to work at the @iffraction limit of the 61-Inch
telescope. The enclosed figure shows a2 sample of the highest resolution maps that
we have obtained. Our objective during this period has been to obtain complete
mapping of the plaﬁetf on & sufficiently regular.basis to accurulate fhe data
necessary t5 study all of the complex correlations which exist with color photography
and with dynamic changes in the atmosphere., This is now a vast'body of data which
we continue to amaés. Beéause of the large volume of data it was necessary to
" develop highly efficienthomputerized processing of the data. It is anticipated

that a major publication in this area will be completed in the fortﬁcoming months.

III. Comet Kohoutek.

| With the much heralded arrival of;this"bright" comet we made elaborate plans
for observing, stértiﬁg at;the earliest pessible time, Wé were, in facf, the first

to make‘measurements of the thermal emission of Come£ Eohoutek, and Dr. Rieke, working
in collaboration with Dr.. Lee, alsd of this Lﬁboratory, was able tvobtain ¢combined

infrared and photoelectric photometry over the périod from October to perihelion

passage. in late December., In the spring of 1974, after perihelion passage, a less’



vigorous observing program was mounted. However, when all our data are
combined with the complete data obtained by Ney at Minnesota, an extraordinarily

complete picture of this comet emerges. These results have been, for the most

part, already published.
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Marshall Space Flight Center
Huntsville, Alabama 35812

Dear Allen:

Ed FHey has just notified me that his reported beam size is in error.
I would therefore like to change the discussion in the paper 1 just
submitted. In the first paragraph on page 2, where I say "Ney used
e 20 arcsec sguare aperture; in addition to the . . ." I want to
substitute: '

"Ney (private communication) used a 27 arcsec square aperture; in addition
to the normal corrections for beam size, a correction of about 15% to
allow for the different beam shape should he made, HNey's calibration
is also about 15% brighter than ours. Finally, the separation between
measurement and refersnce beams is larger for Ney's work, also making
the comet appear brighter; from scans of the ceniral region of the comet
(Rieke -and Lee 1974}, the appropriate correction is 5 to 10%. Therefore,
for ecomparison with Ney's photometry, our measurements should be -
multiptied by a factor of sbout 1,45, or brightened by 0.4 magnitude.
With this adjustment and after aliowance is made for the difference in
beam size, the two sets of data are in very geood agreement. Observations
similar to Ney's were also made by Gatley et.al. (19Tk)."

Yours,
N
George Rieke

GHR/kcb :
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Because the infrared radiation of comets is dominated bj thermal emission
of dust grains, infrared photometry is & powerful tocl for studyiﬁg cometary
dust. Howavér, since the techniques for infrared observing have developed
fairly recently, véry few comets have been observed in £his spectral region.
The extensive record of the behavior of Comet Kohoutek (1973f) in the infrared
is uniqué and should result in a substaritial increase in our understanding
of these objects.

Photometry of Comet Kohoutek before perihelion passage has already been
described (Rieke and Lee 19Th), In contrast to the behavior after perihelion
passage,rwhich will be deseribed in detail below, during this peridé the comet
evolved without abrupt changés aﬁdralong lines suggested by the much less
detailéd infrared studies of earlier comets. The nucleus of the comet was not
exceptionally 1z;rge and, compared with Comet Bennett (1969i), Comet Kohoutek
ejected reiatively littlé dust; these two facts adequatelf exﬁlain why Comet
Kohoutek was much fainter than the early predictions. The sﬁectrum did not
show a "silicate" emiséicﬁ feature until the comet came within 1.5 AU of the
sun. Within thié heliocentric distance, the asbsorption éfficiency of the dust .
grains in the visible remained constant at sbout 80%. The infrared color temperatu;e
exceeded the temperature that would be attained bj gray, conducting spheres at
the same heliocentric distances, indicating thét the emissivity of the dustr
. grains was-sﬁbstaﬁtially less than B0% in the middle infrared. 

More recent photometry of Comets Kohoutek and Bradfield (1974b) is summarized
in tables 1; EIand 3. The measurements were cgrried out under procedures describéd

' !
in the previous article. Because a system of winter storms coincided with
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periheiion pass#ge, we have no measurements of ccmeﬁ K@h@ﬁtek near this time,
Fortunately, the observationé described by Hey at fhis workshop cover the
interval near perihelion thoroughly with a slight overlap with our data at
either end. - The combination of both sets of data provides a complete record
of the phqtometric behevior of Comet Kohoutek. In CDmparing Ney's infrared
data with ours, allowance should be made for some small differences in
observing procedure and calibration. Ney used a 20 arcsec square aperture;

in addition to the normal corrections for beanm size, a correction of about

15% to alioﬁ fér the different besm shape should be made. In addition, ﬁey's
calibration is zbout 15% brighter than ocurs. Finally, the separation between
the measufemént and feference beams 1s larger for Ney's work, élso meking the
comet appear brighter; the correcfion to be applied for this difference depends
on a number of.egperimental details, but from scans of the central regioﬁ of
the comet (Rieke snd Lee 197h4) we estimate it to be 5 to 10%. Therefore, for
- comparisén with Ney's photometfy, our measurements should be-multipliedhﬁy a
factor of about 1.45, or brightened by 0.4 magnitude. Obéervations similar to
Ney's‘were also made by CGatley et.al. {197h). |

- Infrared photometry of three comets at heliocentric distances near 0.6
AU is shown in figure 1. Although the spectra are similar, closer inspection
shows significant differences in the streﬂgth of ihe "silieate" emission at
10u (3 x 10;3.Hz), with Comet Bennett having the most pronounced sﬁectral
feature. Between 3 and 5u, the color temperature of Comet Bradfield is only
slightly above the equilibrium temperaxufe for gray,rconducting spheres, while
the color‘temperature of Comet Bennett over this spectrél range substantially

exceeds the equilibrium temperature. Comet Kohoutek is intermediate in this



‘regard.

The behavior of Comet Kohoutek after perihelion passage is shown in figure
2. The infrared photometry is compared with photometry before perihelion
passage at comparable heliocentric distances., Because of thé reduced geocentric
distanﬁe of the comet, it would be expected to bé about 20% brighter after-
perihelidn passage, This correction has not been applied to the data in
figure 2. Slight varistions in the width and héight of the 10u emission feature
were suggeste&'by the pre-perihelion passage measurements, but the more recent
data show a much larger and definitely significant change between 0.66 and 0.88
AU héliocentfic distances. At the same time, changes appeaf to have taken
ﬁlace near 20u (1.5 x 1013 Hz). In contrast to the behavior before perihelion
paséage, the\albédo of the dust grains may have fluctuated, with the largest
departufe from the mean value occurring on January 16 (0.66 AU)-.

Thus, observations at comp#rable heliocentric distance show vafiations
in ﬁhe infrared sPectra both from comet to comet and, in the‘ caée éf Comet
Kohouték, as a function of time. Changes have also been seen in the albedo
of the dust grains, It appears that the nature of the dust elected by thé
nucleus i-s different for differént comets and can even change \-;'i‘th time as
a given comet evolves., These changes can occur rapidly, with time scales of
less than one week and over changes in heliocentr;c distance less than 0.2 AU.

Both in the infrared snd visible, Comet Xohoutek faded rapidly as it A
left the sun. After January 16, it was substantially fainter ét all wavelengths
7 tﬁan it ﬁad been at the sanme heliocentrié distances approaching the sun,

‘Hove#er, the brightness in the U, B, and V bands, which are déminated by g;seous



emission lines, did not decrease as dramatically as at the wavelengths
dominated by‘reflection and emission by dust.

Aithough other possiﬁiiities may exist, the simplest explanation'of
the changes we havé observed in Comet Kbhoutek is that the nuecleus conéains
pockets or layers of frozen éas and dﬁstvith different properties. As these
pockets‘or layers are exhausted and new ones exﬁqsed, the composition of the
comet ejects can undergo abrupt changes, The initiﬁl predictions that Comet
Kohoutek would be spectacular were based on its being relatively bright
-when it was far from the sun. However, the brightening was anomalous snd
the diameter of the nucleus was overestimated (Rieke and Lee 197h). Mendis
and Ip (1974) have suggésted that this brightening wes caused_by the exposure
of_a‘layer or pocket of volétilé material which quicskly evaporated from the
nucleus,

.Tﬂerefore, the hypothesis that cometary nuclei contain layers or pockets
of different cbmpositions can explain many of the phenomena exhibited Py
Comét Kohoutek. " Abrupt changes and unpre&ictablé behavior have been observed
in'many other comets, ihdicatiﬁg that their nuclei are similar td Comet'Kbhoutek
in this respect.  This possibility should be given serious consideration in
future studies of the origin'and nature of comets,

The infréred observations show that silicates play & role in cometary dust.
However, the 10y emission feature is much weaker in Comet Kohoutek_than would
be expected from siiicate grains unléss appreciable numbers of_the grains are
largér tﬁan 5u in diameter (Hunt and Logan 1972). The presence of many large
silicate grains would be hard to reconcile with the elgvatedrbrightness .

temperature in the 3-5u region and with theories regarding the development of



typé IT (dust) tails. It is more likely that coﬁetary dust contains other
materials besides silicates.

- The changes in the infrared spectrum might be causgd by changes in fhe
size distribution or composition of the grains. In the case of Comet
Kohoutek, the development of an antitail and the infrared spectrum of the
antitail described by Ney at this workshop show the presence of large grains.
However,; if the grain dismeter is,the only varisble, the elevation of tﬁe 3~5u
COlo;'temperature should be correlated with the strength of the 10u emission
- feature. Such a correlation is not apparent for Comet Kohoutek aﬁd is clearly
absent in the.three*comet comparison shown in figure 1. Thereforé, variations
in the composition of the dust probably account for some of the infrared
behavior of cqmets. |

. In"summary, our observations indicate:

1. The absorption efficiency of the dﬁsf in Comet Kohoutek was-about
80%. .The infraréd spectrum showed weak silicate emission features at 10 and
{ﬁu and en elevated color temperature betwéen 3 and Ju.

| 2. Although silicates.are-the only material definitely identified in
'.cometary dusﬁ, significant amounts of other materials are probahly also
present.l

3. The.infrared spectra, and thergfore the nature of the dust, varies
from comet to conet. |
k., Rapid changes in the infrared séectrum of Comet Kohoutek indicate

that material of different compositions is found in layers or ﬁockets in the

nucleus.
We thank K.L. Day for helpful discussions. This work was supported by

NASA and the NSF.
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Table 1

Photoelectric Photometry of Comet Kohoutek {(1973f)

Date r Diephragms (") 2'_ E Magnitudes
(v.r.) | (a0) | 12 31 2. me | 157 v | B v R I
| | | X 6.20 | 5.76 | 6.53
Jan | X 6.19f 6.53| 6.02 | 6.75
16.1 - 0.66 X 7.02f T.28} 6.75{ 7.33
X 8.2k 8,46 7.92 8.59 7.8k
X 10.91 {10.04 [10.0%
Jan , X T.27| 6.66] 7.ho
23.1 0.73 X 9.58 9.78] 9.18( 9.36{ 9.02
| X : 12.10(11.58
Jan 28.1 0.95 | X 7;98 7.41] 8.1L
| X 10.32110.51| 9.96]10.19{ 9.75
X 12.71 12,23




Table 2

Infrared Photometry of Comets Kohoutek (1973f) and Bradfield (1974)

* Comet 1973f

~+ Comet 197kb

- ** Normalizstion relative to shorter—-wavelength results
. is uncertain because of high extinction.

Date Diaphragns Fiuxes (10720 W m2 mz-1)
(u.T.) | " 2.2y 3.6 | 5.0 | 8.8 |10.3 {10.6 {11.6 |12.6 | 21 [22.5
135 |5.5] he2] (0.6)] (0.9) [(1.0) [(1.0) [(1.2) [(5.0) [(0.8) [(x.03] (&) |(5)
Jan:l6#1 x 0.85] 5.5 20 g5 150 1k2 114 {156 {171
Jan.25%1 x 0.05] 0.28 | 1.0 9.k | 12.7 13.9] 20 | 17
Jan.28%1 % 0.17 | 0.8 7.2 | 9.9 10.2 | 1.1 | 10.3] 18 715
Feb. 8¥1 X <0.06-| 0.2 1.k 2.6 3.1 3.0l 6.1 3.9
Feb.17#1 x 0.8 | 0.9 1.1 0.9
* Mar.16%1 x 8 129 123|160 |168 173 95

Mar.17 1 % 10 |39 146 (176 {177 85 | 6o L%



Table 3

Additional Infrared Photometry of Comet Kohoutek

Date - pi apﬁragm .Wave length Bandpass _ Flux

(u.T.) (arcsec) () (w) (1026 w m~2 Hz~1)
Jan 16.1 13.5 305 0.1 5.5
Jan 16,1 13.5 3.85 : 0.5 6.8

Jan 16.1 13.5 L.8 0.6 17

Jan 28.1 5.5 17 | 2 ' 22



Figure 1.

Figure‘2.

Infrared Pnotometry of Three Comets. The spectra are labelled
with the heliocentric distances in AU. The data for Comet Bennett
are from Maas et.al, {1970). The observations of Comet Kohoutek
were before perihelion passage. The flux values have been
arbltrarlly renormalized to fac111tate comparlson of the spectra.

Comparlson of Infrared Observations of Comet Kohoutek Before and
After Perihelion Passage. The gpectra are lsabelled with the helio-
centric distance in AU and the observations after perihelion
passage are indicated with the heavier line. The tick marks in
log (8) are at intervals of one. The four groups of spectra have
been renormalized to avoid confusion, but there has been no
renormalization within each group.



Figure 1 5 surface brightness contour map of Jupiter, June 1973,
Contour interval is 5 x 10~15um2Hz"tstr™t except 2.5 x 1071%m~2Hz~lstr™t
betvween lowest two. Maximum contour is 4.0 x 10-1 wm"'QHz"lstr"l. Light

. dashed grid shows planetograph coordinate grid and visual outline of disk.
CMp = 311% CMyy = 93°. Beam size is 1.5 arc sec



NO.203 HIGH RESOLUTION MAPS OF JUPITER AT 5 MICRONS

by K. R. Armstrong, G. H. Riekar A. H. Taylor and R. B. Minton
‘ Lunar and Planetary Laboratory
and
. J, Low

Lunar and Planetary Laboratory
"and Steward Observatory, University of Arizona

" Novewmber 1973

ABSTRACT

Preliminary results of 51 image scans of Jupiter at 1.5 arxc
sec and 3 arc sec resolution obtained during June 1973 are reported.
Thermal emission features within the equatorial region were observed
with brightness temperatures in excess of 250 K. Outside this re~
gion brightness temperatures as low as 178 X were common, and the
regions outside the equatorial band were less bright than observed
during the 1972 opposition. The relative color—-temperature rela-
tionship cbserved in 1972 was still apparent, but positiondl agree-
ment between 5U and visual features was not improved at the higherxr
resolution. '



1.  Introduction

Image scans of Jupiter at resolutions of 1.5 arc sec and 3 arc sec were
obtained during May, June, July, September, Octcbher, and November 1973 as an
extension of the wide-band 5{ mapping reported by Keay et al. (1972). The
observations were made with a liquid-nitrogen-cooled InShb detector at the 61-
inch telescope of the Catalina Observing Station of the Lunar and Planetary
Laboratory, using the same method described by Keay et gl. Typical rasters
of the planet were obtained in 24 min at 1.5 arcsec resolution and 12 min at
3 arc sec resolution. The data reduction differed from that of Keay et al.
in that the contour maps of each raster wers drawn by an 1BM 1130 computer.
Color photography observations of Juplter were. obtained concurrently with the
51U chservations to facilitate the comparison of features at the two waveléngths.
- Full voverage of the Jovian surface was obtained at both wavelengths during

June ‘1973, the preliminary results of which are reported here.

-2, 5U Observations

Figure 1 is a surface brightness contour map of Jupiter taken at 1.5 arc
sec resolubion. The contour levels correspond to monochromatic brightness
temperature levels of 205K, 216K, 229K, 237K, 244K, 249K, 253K, 256K, 260K.
Figure 2 shows a 120° segment of the Jovian 5U "surface” obtained by plotting
the central 30°-40° segments of four such maps on a cylindrical equal-area
coordinate projection. The equatorial region at System I latitudes consists
of a prominent band of thermal emission within which are three distinct ther-
mal bands. The warmest sources are seen in a band at 9°N in coincidence with
the northern boundary of the Equatorial. Zone (%) . A second, less prominent
band of emission sources is located south of the eguator within- the EZ. A
series of small, cold features is seen along the equator. Thermally depressed
bands border the equatorial emission region at 30°N and 2095, and low tempera-
ture emission bands are located at 40°N and 30°S. Comparison with beam size
measurements indicate that the latitudinal extent of the sources in the central
band may approach 1 arc sec. Preliminary reduction of the May 24 1973 data
indicates that the bright thermal features in the central band drift at the
same rate as visual features. '

Complete coverage of the Jovian 5y brightness distribution is shown in
Figure 3. The spatial resolution is 3 arc sec, or 8.7° x 7.6° at the equator.
fhe contour levels are at 1, 2, 4, 6, 8, 10, 20, 30, ...130 with units of

x 10716 win—2Hz lstr % and correspond to monochromatic brightness tempera-
tures of 178, 186, 185, 200, 204, 208, 218, 225, 230, 234, 238, 241, 244, 246,
248, 250, 252, and 254K. The lowest contour is at approximately 1.5 times the
backoround noise level and corresponds to a geometric albedo of O.1l. Note that
+he brightest regions outside the central band are only 10% as bright as the
prightest sources within the central band, and in general, that all areas of
the wilanet outside System I are radiating at lower levels than chserved in 1972. -

&

There are 18 distinct emission features with brightness temperatures greater
than 218X compared to 37 sources with T (5u)> 227K observed in 1272. The
appearance of the lower temperature emiSsion band centered at 30°N is consis-
tent with the 1272 observations which showed a nearly continuous band with

T {5u) < 205K. The greatesi change in the 5u appearance, of the planet has
o2curred in the southern hemisphere. The June. 1973 observations show no
sources with T (5p) > 210¥ at the latituds of the 5TeB, where a total of 12

sources with brightness temperatures as high as 234K vere identified at the



e ) . . - - e

Figure 1 5p surface brightness contour map of Jupiter, June 1973. Contour

interval is 5 x lO“lswm“sz"lstr"l except. 2.5 x 10~} 5w~ 2nz" str~1 between

lowest two. Maximum contour is 4.0 x 10~ L4um=2nz " sty L, Light dashed grid

‘shows planetographic coordinate grid and visual outline of disk. CMI = 311°K
.CMII = 93°. Beam size is 1.5 arc sec

Figure 2 Equal area cylindrical projection of 5u surface brightness



same latitude in 1972. A‘Ehermally depressed band centered at 20°5 is
only 15% as bright as the same region in 1972. There are no obvious 5y
features at the position of the Great Red Spot (GRS} (3JO;I to l'iiI ,—21°8
to -28°3) on the June 1973 maps.

3. Comparison with Color Photography

Color photographs obtained on May 27 and June 11, 15, 25 of 1973 using
Kodak Ektachrome-rF film and 1 - 1.5 sac exposures were used to construct
an egual area map of the visual features on Jupiter. Preliminary drift rates
ware obtained from this 29-day interval and positions of the visual features
were interpolated to their June 18 values. The results are shown in Figure
4 with superimposed 5u contour levels at T = 178, 195, 208, 225, 238, and
244K, Sixteen blue festouns {(labeled cyan? are located along the northern
edge of the EZn (7°N-9°N} and most have trailing streamers that fade into a
light cyan band just south of the eguator. The festoons are located on the
southern edge of the extended thermal band at 9°N but there is not a hlgh
correlation with the most intense sources within the band. White clouds f£ill
the areas between festoons and in general coincide with thermal depre551ons
along the eguator. The yellow-ocher NEBZ lies along the northern edge of the
high temperature band at 9°N. A yellow band at the southern edge of the EZ and
the ocher EZs are located at the same latitudes as the broken thermal emission
band south of the eguator, but there is no visual evidence of the temperature
variations along the band. The higher resolution map of Figure 2 shows the
same degree of color-temperature correlation as the 3 arc sec maps.

The relationship between color and 5j1 surface brightness appears to be
better defined at System II latitudes outside the central 30° band. The warm
bands at 40°N and 30°3 coincide with the tawny and brown regions of the NNNTeB/
NNTeZ and the STeR, respectively, with warmer regions being asscclated with
darker brown. The light red SEBs and white STrZ are coincident with the deep
-thermal depression at 20°S. White, grey and light red are in general associated
with colder regions of the thermal map but there is little evidencve of a gra-
duated temperature scale within these three colors. ' ‘

The only blue spots in System 11 are at 28°N, 286° and 297° longitude,
and at the southern edge of each is a white spot. The only 51gn1%1cant 5K
feature at that location is a thermal bridge which produces the highest surface
brightness at the latitude. A similar bridge spans the most extensive and
coldest regions of cold band at 20°5 at the longitude of the GRS. Although the
average temperature of the GRS is lower than that observed in 1972, it now ap-
pears brlghter than the adjacent regions of the same latitude because of the
reduction in brightness temperature of the SEBg and STrZz. Each of the three
white ovals, Fa (33°S, 13911), BC (33°3, 2OO°I), and DE (33°s, 340°I) is
located at the following edge of a thermal emission peak that is 2.5 times as
bright as the adjacent surroundings. One of two red spots (13°nN, 344°I) appears
to be associated with a promincnt thermal feature; the other (18°H, 27?11) is
located in a region with no distinguishing thermal features. It may be sig-
nificant that the former spot was not present on June photographs but was ob-
served in July. ' o :



4, Summary

A partial reduction of the 5 observations obtained during the 1973
Jovian apparition shows that there have been significant changes in the
thermal appearance of the planet over the interval of one year. The equa-
torial region contains sources with higher temperatures than observed in
1972, but the number of discrete sources is lower and the sources are more
extended in longitude. The color-temperature relation determined for System
I features in 1972 was weaker in June 1973. The higher resolution 1.5 arc
sec 54 maps do not improve the positional agreement of 5P and visual features.
At System II mid-latitudes the 51U surface brightness is in general 25% ox
less  than that chserved in 1972, using the same spatial resclution. However,
the relative color-temperature relationship remains wvalid for these latitudes.
The increased sensitivity at 3 arc sec resclution has revealed a possibly
significant relationship between the long-lived white ovals and thermal en-
hancements at their latitude, The existence of such a relationship and the
determination of the lifetimes of short-—term thermal features, if any, will
be determined from the observations made through November 1973. The observa-
tions reported here indicate the presence of less direct relationships between
thermal and visual features in the Jovian atmosphere than was indicated by the
1972 observations, and show a need for continued monitoring of the planet in
the infrared.

Ackrnowledgments., The research reported in this paper was carried out
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